ABSTRACT CHIBATA, ICHIRO (Tanabe Seiyaku Co., Ltd., Osaka, Japan), TETSUYA ToSA, AND RYUJIRO SANO. Amino acid isomerization in the production of L-phenylalanine from D-phenylalanine by bacteria. Appl. Microbiol. 13:618-624. 1965.-To establish an advantageous method for the production of L-amino acids, microbial isomerization of D-and DL-amino acids to L-amino acids was studied. Screening experiments on a number of microorganisms showed that cell suspensions of Pseudomonas fluorescens and P. miyamizu were capable of isomerizing D-and DL-phenylalanines to L-phenylalanine. Various conditions suitable for isomerization by these organisms were investigated. Cells grown in a medium containing D-phenylalanine showed highest isomerization activity, and almost completely converted D-or DL-phenylalanine into L-phenylalanine within 24 to 48 hr of incubation. Enzymatic studies on this isomerizing system suggested that the isomerization of D-or DL-phenylalanine is not catalyzed by a single enzyme, (Camino acid isomerase," but the conversion proceeds by a two step system as follows: D-pheylalanine is oxidized to phenylpyruvic acid by D-amino acid oxidase, and the acid is converted to L-phenylalanine by transamination or reductive amination.
To establish an advantageous method for the production of L-amino acids, microbial isomerization of D-and DL-amino acids to L-amino acids was studied.
The recent technical development of organic synthesis has made most of the DL-amino acids readily available, and D-amino acids are by-products in the production of L-amino acids from DLamino acids by optical resolution.
In this paper, the results of the experiments on the isomerization of phenylalanine are presented.
The formation and accumulation of L-phenylalanine were observed in fermentations with Bacillus strains by Shibuya et al. (1960) , with Escherichia coli by Huang (1961) , and with Micrococcus glutamicus by Nakayama, Sato, and Kinoshita (1961) . Asai, Aida, and Oishi (1960) and Kitai, Kitamura, and Miyachi (1962) independently reported enzymatic conversion of phenylpyruvic acid to L-phenylalanine with microbial transaminase.
We studied isomerization of D-amino acids to L-amino acids, assuming two enzyme systems shown in following schema: Occurrence of direct conversion by a presumable enzyme, "amino acid isomerase," was not observed, although certain microorganisms were found to be able to convert D-phenylalanine to L-phenylalanine in a good yield through the twostep system shown in schema 2.
MATERIALS AND METHODS
Organisms. The organisms used in this study were from the collection of the Osaka Research Laboratory.
Materia1s. D-Methionine, D-phenylalanine, D-tryptophan, and D-valine were prepared from the corresponding acyl-DL-amino acids by asymmetrical hydrolysis with mold acylase (Chibata, Ishikawa, and Yamada, 1957) . D-Threonine was the product of Tanabe Seiyaku Co., Ltd., Osaka, Japan, and phenylpyruvic acid was obtained from Daiichi Pure Chemicals Co., Ltd, Tokyo, Japan.
Media. For the screening of bacteria which could utilize D-amino acids, the enrichment medium shown in Table 1 Utilization experiments. The enrichment media supplemented with D-amino acids as a sole source of nitrogen were distributed in 3-ml amounts to small test tubes. After inoculation with a loopful of test organisms from the slant cultures, shaking culture (130 rev/min, 8-cm stroke, 450 angle) was carried out for 2 to4 days at 30 C. Growth of organisms was determined by measurement of the optical density at 660 mu with a Hitachi EPO-B electric photometer.
Isomerization experiments. The media described in Table 1 were distributed in 100-ml amounts to 500-ml shaking flasks, sterilized, and inoculated with a loopful of test organisms. Culture was carried out for 24 hr at 30 C on a reciprocating shaker (130 rev/min, 8-cm stroke). The cells were harvested by centrifugation, washed twice with saline, and suspended in 5 ml of saline; i.e., 1 ml of cell suspension contained the cells grown in 20 ml of culture broth.
The reaction mixture, containing D-or DLphenylalanine as shown in Aspergillusflavus (Chibata, Tosa, and Sano, 1964) .
Determination of phenylpyruvic acid. Phenylpyruvic acid was determined colorimetrically by the direct method of Friedemann and Haugen (1943) with the use of a standard curve obtained with pure crystalline phenylpyruvic acid.
Assay of phenylalanine oxidation activity. D-Phenylalanine and L-phenylalanine oxidation activities were measured at 30 C on a Warburg manometer. Each flask contained 0.5 ml of the cell suspension and 1.5 ml of 0.067 M phosphate buffer (pH 6.5) in the reaction chamber, 0.5 ml of 0.04 M D-or L-phenylalanine in the side arm, and 0.5 ml of 20% KOH in the center well. Oxygen consumption was measured for a period of 5 to 10 min.
Assay of transamination activity. Assay of transamination activity was done by incubating a reaction mixture of 1.0 ml of the cell suspension, and 2.0 ml of 0.05 M phosphate buffer (pH 7.0) containing phenylpyruvate (30 to 90 ,Amoles), L-aspartate or L-glutamate (90 to 270 Amoles), or casein hydrolysate (12 to 36 mg), for 5 hr at 30 C. The reaction was stopped by heating at 100 C for 10 min, the cells were removed by centrifugation, and L-phenylalanine in the supernatant solution was determined by the microbioassay described in the assay of isomerization activity.
Assay of reductive amination activity. Assay of reductive amination activity was carried out by incubating a reaction mixture of 1.0 ml of cell suspension, and 2.0 ml of 0.05 M phosphate buffer (pH 5.0) containing phenylpyruvate (30 to 90 ,umoles), NH4Cl (100 to 300 ,moles), glucose (12 to 36 pmoles), and MgSO4 (1.2 to 3.6 ,umoles), for 5 hr tt 30 C. The reaction was stopped by heating at 100 C for 10 min, the cells were removed by centrifugation, and L-phenylalanine in the supernatant solution was determined by the method described above. On the presumption that the microorganisms isomerizing D-amino acids to L-amino acids would utilize D-amino acids for growth, screening of microorganisms which could utilize D-methionine, D-phenylalanine, D-tryptophan, and D-valine was carried out by an enrichment culture method (Table 3 ). Of the organisms tested, Proteus vulgaris and Pseudomonas gelidicola 182 utilized all four D-amino acids. M. candidus, P. fluorescens 174, P. gelidicola 183, and unidentified soil bacterium L1W utilized three D-amino acids.
Screening of organisms isomerizing D-phenylalanine. A screening experiment for isomerization of D-phenylalanine to L-phenylalanine was performed with 15 organisms which showed abundant growth in the above experiment for the utilization of D-amino acids. Isomerization activity of the cells grown for 24 hr in media S-1 and PS-4 was tested by the procedure previously described.
As shown in Table 4 , isomerization activity was found in organisms of several genera; Pseudomonas strains, such as three strains of P. fluorescens and P. miyamizu (Oda, 1935) , showed higher activity. P. miyamizu converted D-phenylalanine into L-phenylalanine in 97% yield in the presence of L-aspartic acid or casein hydrolysate. Although the conversion rate was inferior, the oc- Conditions for the formation of isomerization activity. The effect of culture media on the conversion of D-phenylalanine to L-phenylalanine by the oxidase-transamination system was investigated with cells grown in various media. As shown in Table 5 , in the case of P. fluorescens 174, cells cultivated in nitrogen-rich medium S-2 showed maximal isomerization when L-aspartic acid was supplied as amino donor in the isomerization reaction. It is interesting to note that cells of P. miyamizu grown in medium PS-4A, which contains D-phenylalanine, showed highest isomerization activity, especially in the isomerization reaction with casein hydrolysate as amino donor.
The conversion of DL-phenylalanine into Lphenylalanine was investigated with P. miyamizu grown in medium PS-4A, which showed highest isomerization of D-phenylalanine to L-phenylalanine in the above experiment. As indicated in Table 6 , in the presence of an amino donor such as L-glutamic acid or L-aspartic acid, D-phenylalanine disappeared and L-phenylalanine accumulated at nearly 90% conversion rate during 24 hr of incubation. However, with casein hydrolysate as amino donor, the conversion rate was very low and a little D-phenylalanine remained even after prolonged incubation.
In the absence of amino donor, isomerization to L-phenylalanine did not occur, and both L- The occurrence of isomerization activity through an oxidase-reductive amination system in P. miyamizu was confirmed by the above experiments. This isomerization system was further investigated with DL-phenylalanine as substrate. For culture of the organism, media S-4 and PS-4A were used as basal media. The isomerization reaction was carried out at pH 5, the optimal pH for the reaction, in subsequent experiments.
Effect of optical isomers of the amtino acids in the culture media. Effect of optical configuration of the amino acids in the media on the formation of isomerizing activity in P. miyamizu was studied by comparing the cells grown in medium S-4 supplemented with D-, DL-, or L-phenylalanine (Table 8) . Cells cultured either in the absence of phenylalanine or in the presence of L-phenylalanine showed very low isomerization activity. It is evident that the addition of D-or DL-phenylalanine, especially the addition of the D-isomer, accelerated the formation of isomerizing activity.
Composition of the reaction mixture for oxidasereductive amination system. Requirements for the various components of the reaction mixture for the oxidase-reductive amination system were investigated with cells grown in medium PS-4A. As shown in Table 9 , omission of NH4Cl, glucose, or phosphate from the comlplete system resulted in markedly lower isomerization, indicating the of DL-phenylalanine to L-phenylalanine was carried out by incubating a reaction mixture of 0.5 ml of cell suspension, and 1 ml of 0.05 M potassium phthalate buffer (pH 5.0) containing DL-phenylalanine (75 ,umoles), NH4Cl (125 ,umoles), gluicose (15 jumoles), K2HPO4 (7.5 , umoles) , and iMgSO4 (1.5,umoles), for 24 hr at 30 C. Table 9. indispensability of these components for the reaction. In the absence of NH4C1, no isomerization occurred. As indicated in Table 10 , (NH4)2SO4 was equally as effective as NH4Cl, although urea was not utilized as nitrogen donor in this isomerization reaction.
Changes in the isomerization reaction without nitrogen donor. The results shown in Tables 6, 9 , and 10 suggest that the conversion of D-phenylalanine to L-phenylalanine was not a single-step isomerization catalyzed by an enzyme, "amino acid isomerase," but occurred through a two-step system. For further confirmation, DL-phenylalanine and P. miyamizu grown on medium PS-4A were incubated without the presence of amino donors and ammonium salts, and changes during the reaction were studied. As shown in Fig. 1 Table   11 . (Table 8 ) that the formation of the activity converting D-phenylalanine to L-phenylalanine was accelerated by the addition of D-phenylalanine. Effect of substrate concentration on phenylalanine oxidation activities. The effect of substrate concentration on L-and D-phenylalanine oxidation activities in cells grown in medium PS-4A was investigated (Fig. 2) . D-Phenylalanine oxidation activity was not inhibited by the higher concentration of D-phenylalanine used in the isomerization reaction, although L-phenylalanine oxidation activity was evidently inhibited by the presence of L-phenylalanine at a higher concentration. This substrate inhibition of L-phenylalanine oxidation activity gives a reason for the accumulation of L-phenylalanine in the isomerization reaction with the cells having both D-and L-phenylalanine oxidation activities.
L-Phenylalanine formation from phenylpyruvic acid. Occurrence of the activity oxidizing D-phenylalanine to phenylpyruvic acid was confirmed by the above experiments. Subsequently, it was investigated in the enzyme systems converting phenylpyruvate to L-phenylalanine through transamination or reductive amination in cells of P. miyamizu grown on medium PS4A. It is evident (Table 12 ) that L-phenylalanine was formed by transamination with L-glutamic acid, L-aspartic acid, or casein hydrolysate as amino donors. In the reductive amination system using NH4C], L-phenylalanine formation was confirmed only with low concentrations of phenylpyruvic acid; high concentrations inhibited the formation.
